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Abstract: One of the major considerations to attain food security is the use of quality seed which helps in higher
production per unit area. Good quality seed is better in terms of genetic purity, physiological maturity and free
from seed borne diseases and disorders. Production of better quality seeds starts effective and efficient flowering,
pollination and fertilization to seed development is a challenge for increasing food demand. Being an oil seed,
groundnut losses its viability soon and seed quality is affected during pre and post harvest periods. Though, the
initial seed quality and storage environment are the two major factors to maintain viability and vigour during storage,
the invasion of fungal pathogen also play a major role in decreasing the shelf life of a seed. This review article tries
to give an insight into groundnut seed development with regards to maintenance of seed quality. Further, points
forefront in the seed industry related to seed longevity, seed vigour, seed priming and maintenance breeding for
improving crop productivity under various biotic and abiotic stresses have been addressed.
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The genus Arachis has evolved in some unusual niches,
ranging from semi-arid areas of north-eastern Brazil to
Carrado pockets in Amazon forest, to low, deep-soil alluvial
plains and humus clay swamp of the Gran Pantanal. This
way groundnut (Arachis hypogaea L.) cultivation started
from South America and later on spread all over the
world, mainly tropical countries ranging between 40°N and
40°S. At present China (40.1%), India (16.4%), Nigeria
(8.2%), USA (5.9%) and Indonesia (4.1%) are the major
groundnut growing countries. Crop is predominantly
grown in low-input production system in Asia and Africa
and yields are between 700 and 1000 kgha.Whereas,
in high input system in USA, Australia, Argentina, Brazil,
China, and South Africa yield levels are quite high, i.e.,
from 2000 to 4000 kgha[1]. In India, groundnut is mainly
cultivated in the states of Gujarat, Andhra Pradesh, Tamil
Nadu, Karnataka, and Maharashtra. Groundnut kernel is
rich source of lipid (36-54%) and protein (21-36%) along
with fibre, sugar, starch, vitamin E, niacin, falacin, calcium,
phosphorus, magnesium, zinc, iron, riboflavin, thiamine
and potassium. The kernels are consumed directly as
raw, roasted or boiled, used in the preparation of various
confectionary items and oil extracted from these is used
for cooking purpose. Haulm issued as animal fodder while
oil cakes are feed for animals and poultry birds.

Groundnut is an annual legume and has multiple uses
that make it an excellent cash crop for domestic markets
as well as for foreign trade in several developing and
developed countries. In India aflatoxin contamination is
a serious concern in export of groundnut [2]. Seed size is
large and its multiplication ratio is quite low (1:5 to 1:10).
Seed for sowing require about 100 to 150 kgha.Seed
development is hypogeal and late seed maturation is
characterized by acquisition of functional traits including
germination, desiccation tolerance, dormancy and
longevity, and influenced by several environmental factors.
Seed is stored as pod (in-shell) and shelling is performed
only 10-15 days before sowing. This review is focused on
environmental influence on groundnut seed development,
maturation, curing, drying and storage with regards to
maintenance of seed quality and genotypic variations for
these parameters. Further, issues associated with seed
longevity, seed vigour, seed priming and maintenance
breeding for improving crop productivity under various
biotic and abiotic stresses have been addressed.

Flowering

Groundnut cultivars belong to varieties, i.e., fastigiata
(Valencia) vulgaris (Spanish) and hypogaea (Virginia)
[3]. Each of these botanical varieties has different
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plant, flowering, pod and seed characteristics [4]. The
transition from vegetative to reproductive development
is an important phase in any plant which changes its life
cycle. Therefore, plants have evolved an intricate genetic
network that controls the onset of flowering in response
to environmental and endogenous signals such as day
length, temperature, hormonal status and carbohydrates,
especially trehalose-6-phosphate (T6P) [5]. Groundnut
flower is typical papilionaceous, zygomorphic and self-
pollinated with about 2% out crossing. Flower morphology
and anatomy is widely described by various workers [3, 6].
The flowering pattern varies within and between botanical
types, Spanish type flower relatively early and have a
broader first flowering peak whereas in Virginia flowering
is late and have multiple flowering peaks [7]. Whereas,
number of flowers per plant ranges between 40 and 250
in Virginia and 98 and 137 in Spanish types [8]. Flower
bud becomes visible 36 to 48hours before anthesis and
remains between 6 and 10 mm long just before 24 hours
of anthesis whereas during night hour’s elongation of
hypanthium is faster and the flower reaches the maximum
length of 50-70 mm at the time of anthesis. Flower open
normally at sunrise, but this process may be delayed by
low temperatures and poor radiation. Base temperature
for time to first flower is 10.8°C and total cumulative degree
days required for flowering are 538, flower production is
reported optimum at 25/30°C (day/night temperature)
in glasshouse [9]. While, Wynne et al. [10] found that
greater fruit production of plants grown under short days
was not because of differences in flowering intensity, but
by the factors that occurred after flowering. Influence of
high temperature (40/28°C, day/night cycle) on rate of
appearance of flowers is reported to be faster [11]. Flower
buds are sensitive to high temperature, especially during 3
to 5 d before anthesis [12]. This is mainly due to exposure
of flower buds to high temperature that coincides with
microsporogenesis [13, 14] and leads to low pollen
viability, poor anther dehiscence, and male sterility. This
is attributed to early degeneration of tapetal layer [15, 16]
and depletion of carbohydrates in developing pollen [17].
On the other hand, ambient RH is positively associated
with daily production of flowers [18]. In addition, influence
of higher planting density on flowering rate and blooming
period is negative [19]. In addition, closer spacing of
plants suppresses the formation of the late flowers [20].
Day-length affects time to first-flower either long days or
short days may hasten first-flower appearance [21, 22]
whereas Bagnall and King [9] reported that short days
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promotes flowering as compared to long days. It is also
suggested that groundnut is a day-neutral plant [23] while
Bell et al. [24] reported that photoperiod effects could
be seen only at very low quantum. In addition, water
deficit stress during vegetative phase followed by two
frequentirrigations is helpful in synchronizing flowering in
Spanishtype thus leading to higher productivity [25]. It is
also reported that plant memories of stress event can be
inherited from plant to offspring through a process known
as transgenerational stress memory and in groundnut it
is suggested that water availability in the plant generation
could be responsible for increased seed quality and vigour
including root characteristics [26].

Pollination, Fertilization and Peg Formation

After fertilization a mature pod develops in about 60 days
[27] whereas lower humidity during pod development is
detrimental for embryo development [18]. Pollen remains
viable at 90-95% humidity and at high temperature cycle,
i.e., 32/22 and 36/26°C, and viability may decreased
near about zero at 44/34°Ccycle [28]. After fertilization,
growth of ovule and embryo is light-dependent, for
instance, white, red or blue radiation inhibits ovule growth
while exposure to darkness or far-red light stimulates it
especially during the first 10 days. It is also illustrated
that there is photoreceptor that regulates ovule growth,
i.e., Phytochrome located in maternal ovular tissue and
transmit developmental signal to the embryo [29, 30].
Therefore, after fertilization peg formation take place and
exhibits positive geotropism to keep embryo under soil for
further growth. In addition, failure of peg penetration into
the soil leads formation of aerial pod and auxin and auxin
response genes play an important role in this process [31].
Further, groundnut has a unique characteristic that ovaries
of pollinated flowers can remain dormant for several
weeks and resume active seed development when
favourable conditions prevail [32]. In addition, supply of
nutrients, such as, sugars, proteins and inorganic other
than calcium are transported through gynophores to
developing pod. Calcium is poorly transported through
the phloem of gynophore [33, 34].

Seed Development

In the development of seed photoperiod and temperature
interaction play important role in adaptation of genotypes
to new environment, i.e., under the soil [23, 9]. Both
high and low temperatures affect crop maturity and
duration could be short in humid tropical and sub-tropical
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environments [35] whereas photoperiod and temperature
interactionwas significant for number of peg and pod
development [36]. In addition, total growth period may
be shortening from 176 days at 23°C to 151 days at
18°C temperatures. Similarly, total crop duration of cv.
Robut 33-1 increased from 95 days at 31°C to 222 days
at 19°C [37]. In addition, exposure to high air and/or high
soil temperature significantly reduced total dry mass
production, partitioning to pods and ultimate yield [38].
In a study on illustrating high air and soil temperatures
indicated that there is no significant effect on total flower
production,however, the proportion of flowers setting pegs
and hence fruit number was significantly reduced. On
the contrary high soil temperature significantly reduced
flower production, the proportion of pegs forming pods and
100-seed [39, 40]. In addition, high heritability estimate
coupled with high genetic advance were recorded in
number of pods plant!, number of seeds plant?, seed
yield plant® and 100-seed mass [41]. In general, there is
report on interactions between the major ABA signalling
pathway and other signalling factors in stress response
and seed development [42].

Seed Harvest and Maturity

Groundnut is an indeterminate crop the seed lot is
having seeds of various maturity stages which adversely
affect its chemical compaosition, germination, vigour and
various seed characteristics [41, 43]. There are reports
that plant stand and associated yield variations exists
mainly due to the variation in seed maturity classes
within seed lots [44, 45]. Also, it is emphasised that
stage of maturity at harvest is the primary factor in the
seed production chain that influences seed vigour [46].
An elaborative account on major events and regulatory
pathways related with seed longevity and key processes
of desiccation tolerance have been widely reviewed in
orthodox seeds [47]. Groundnut at harvest possesses
pods with broad range of maturitywhereas processing
unit requiresmature seed with uniform size and quality.
Researchers have been working with the objectives to
obtain a high yielding variety with higher percentage of
sound mature kernels. Several seed maturity aspects
such as biochemical, physical, internal pericarp colour,
tannin and sugar contents, seed hull maturity and hull
scrap have been taken into consideration to develop
suitable method for seed maturity prediction [48, 49].
Based on testa texture and colour and kernel shape, a
visual method was developed to determine maturity of
shelled peanut [50]. A biochemical method based on the
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fact that arginine decreases drastically as groundnut seed
mature and this was used in measuring seed maturity
index [51]. A practical method for the use of farmers and
breeders however is when more than 75-80% pods in
case of Spanish/Valencia and 70-75% pods in case of
Virginia cultivars show internal pericarp darkening the
crop is considered ready to harvest [52]. For commercial
use, it is suggested that 100-seed mass could be taken
as index of average seed mass and seed with an average
mass of 0.55 g or more could be preferred [53]. There
is report that supplemental Ca will be the most likely
nutritional problem of groundnut production seed quality
in acid, sandy and low cation exchange capacity soils [54].

Further, influence of seed maturity on germinability and
vigour was reported in various Spanish and Virginia
cultivars [45, 55]. Also, Spanish and Virginia market
types exhibited higher germination with small and
medium seeds as compared to large seeds while field
emergence was higher in large seeds of Spanish and
medium seeds of Virginia [44]. Utilization of reserve food
material analysed in cultivars belonging to three different
seed-weight groups showed that both medium and higher
seed-weight are efficient in utilization of reserve food
material than lower seed-weight. Further, it was concluded
that for adequate food supply from cotyledons during
seed germination, 100-seed mass should be >30g [56].
In Spanish groundnut higher number of mature pods,
germination and vigour were obtained when harvest was
performed between 94 and 101 days after emergence
[57]. Among five Virginia and Spanish varieties, overall,
germinability and seedling vigour was reported to be
higher in optimum mature than natural and immature
seeds. In addition, in large number of germplasm days
to maturity have been reported higher in Virginia (143)
followed by fastigiata (128) and vulgaris (122) while 100-
seed mass and kernel yield were higher in Virginia [58].
In groundnut, a common problem of pre-harvest invasion
of Aspergillus fungus exist under water deficit stress and
high temperature conditions during seed maturity. This
may reduce germinability [59] and increase aflatoxin
production due to rapid synthesis of carbohydrates in
seed [60]. In addition, seed of wild species is quite similar
to the cultivated groundnut, except that they are much
smaller in size.

Seed Curing and Drying

It is reported that genetic variation and environmental
conditions during seed maturation, within seasons
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and across seasons play important role in storage
of groundnut seed [61]. Usually, groundnut pods are
harvested at mc (moisture content) between 35-60% and
need to be dried along with the vine for 2-3 days. After
drying, pods mc while being with vine need to be brought
down to 18-20%. At this mc pods could be detached from
vine by mechanical threshing whereas for hand thrashing
15% mc is desirable. Thus drying of seed along with
vine is an important aspect in groundnut seedproduction
for making glassy state prefect [62]. There are various
conventional and non-conventional methods for pod
drying are mentioned in the literature, such as, windrow,
small or large random heaps and shade drying. Also,
different methods for pod drying have been developed,
for example, Directorate of Oilseeds Research Method
(DOR-method) [63] the National Research Centre for
Groundnut method (NRCG-method), tripod shade drying
method [64]. Pods dried directly under sunrays such as
wind row may lose germinability as pod temperature may
exceed beyond 40°C especially during summer season,
this could be detrimental to seed tegument layer [65,
66]. In addition, application of lime in the field increases
the tegument thickness and decrease the central cavity
mainly in the exo-testa cells [67]. Also, role of late
embryogenesis abundant proteins (LEAS) as protectors
helps seed to tolerate desiccation at maturity [68, 69]. In
general, in orthodox seeds, determinations of function
of ABA-regulated gene products and genes that contain
information of desiccation tolerance and role of LEA
proteins in desiccation tolerance together with sucrose
have been extensible reviewed [70, 71]. Further, if initial
mc of pods is not reduced properly, it may influence lipid
metabolism and seed quality adversely at higher pod
moisture [72]. After harvest substantial percentage of the
pods are left in the soil, such left over pods should not
be mixed with the main seed lot because the chances of
contamination are more in the soil [73]. Percentage of
left over pods depends on peg strength and it is poor in
Virginia than Spanish types [74]. Finally, pods could be
tested for thorough drying by following method: i) pods
should give retelling sound when shaken, ii) if seed is
pressed it should easily split into two cotyledons, and
iif) on rubbing hard on the surface, a portion of the seed
coat peels off mainly in vulgaris type [2]. The relationship
between the glassy state in seed and storage stability has
been established by Sun [75].
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There are need to store seed for various purposes, such
as, germplasm conservation, maintenance breeding,
warehouses of seed co-operation’s and farmers storage
conditions.

(i). Germplasm conservation and maintenance
breeding

Seed is critical and vital unit for germplasm preservation
and its utilization for enhancing productivity. Groundnut
seed is having wide variation in their size, shape and
colour, testa or seed coat is thin and papery. It is common
observation that seed coat colour during storage turns
to brownish or dark tan from pinkish mainly because of
Millard reaction a non-biochemical activity. In general, it
is reported that vitamin E is essential for seed longevity
and preventing lipid peroxidation during germination
[76]. Seed coat consists three unicellular layers, i.e.,
the epidermis or sclerenchyma, middle parenchyma
and inner parenchyma. These layers represent the
integuments of the maturing ovule and are maternal in
origin. The surface as well as the transverse sections
of testa shows wide diversity. Therefore, groundnut
cultivars may be classified based on the size of wax
layer, the joining of the epidermal cells, thickness of
cell walls and presence of cracks in epidermal layer.
Ideal conditions for groundnut seed storage are 10°C
and 65% RH resulting seed mc around 6% [61]. When
seed is stored in warehouses without climate control,
maintaining these conditions become difficult. It is also
reported that seed (in-shell) stored at 15°C and 79-83%
RH germination remains above 80% for more than 150
days whereas the same seed lot when stored at 15°C
and 85-89% RH, germination decreased dramatically to
30% in 80 days [77]. Gene banks deals with germplasm
conservation for long term at —20°C with seeds having
85% germination and seed mc between 3 and 7%. Active/
working collection is stored for medium term at 4°C and
20-30% RH with seeds having mc between 7 and 8%
and germination >80%. The medium-term storage retains
>65% seed viability for 10-20 years. Seeds stored at
10°C and 45% RH had good germination even after 20
years [52]. Groundnut seed, however, could be stored
at low mc (3.3%) for 11 years at ambient temperature
[78]. Also, for maintaining valuable genetic resource in
breeding programme seeds are stored with CaCl, or silica
gel in sealed desiccators [79]. Use of desiccant helps
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to keep seed mc below <10% to avoid water activity. In
addition, studies conducted at ICRISAT have concluded
that polyethylene bag (600 or above gauge thickness)
is the best material for maintaining seed storability for
utilization of genetic material in breeding programmes
or at the farmers storage conditions. In addition, detailed
study was conducted by ICRISAT to assess the relative
storability of eight cultivars and reported that storage of
groundnut seed is regulated by several intrinsic such as
genotypic variability, seed morphology, initial seed mc and
dormancy, and extrinsic such as storage temperature,
RH and storage container/packaging material, factors.

(ii). Storage at farm level

Seed in-shell remains well protected from outside
environment along with inside CO, that prevents it from
rapid deterioration and mechanical damage) [56, 65, 80].
In addition, rapid loss of viability is a major problem of
rabi/summer season seed lots [66, 81] however there are
varietal and seasonal variations in longevity and genotype
with high viability potential have been identified [82]. For
example, in Indian groundnut is harvested during different
months based on cropping season and seed lots require
4-8 months storage for the sowings in ensuing season.
For example, rainy season seed lot is harvested in
October and stored for 4 months for sowing in summer,
and 8 months for next rainy, seasons. Conventionally
groundnut is stored in-shell in gunny bags at relatively
dry and ventilated place. In some areas groundnut is
cultivated only in summer or rabi seasons and seed lots
could not be stored for the next season sowing due to
rapid loss of germinability. Since, seed lots collected in this
season are stored for a long period that too initial phase
of it passes through high RH and temperature during
rainy season (June-September) this makes the seed to
exceed the limit of safe mc, i.e., >10% [79]. Farmer’s
seed lots from summer season collected in June from
Bhuj in Guijarat, lost germinability rapidly when stored in
gunny bags at ambient laboratory conditions at Junagadh
within 4 months [83]. Atechnology has been developed for
storage of seed(in-shell), i.e., after through drying, seed
initial mc between 7-8% could be stored in polyethylene
lined gunny bags with desiccant like silica gel or calcium
chloride (CacCl,, anhydrous) @250 g for 30 kg seed [59,
84, 85]. This technology was demonstrated successfully
in coastal (Bhubaneswar) and inland (Bargadh) areas of
Orissa [66] the hot spots for the loss of seed viability in
summer groundnut. On the other hand, seed lots collected
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during kharif season may be stored in well ventilated place
in gunny bags for the next sowing with initial mc between
6-8%, this maintains >80% germinability even after 8-10
months of storage [86].

(iii). Seed quality deterioration during storage

A model for seed quality deterioration in groundnut is
proposed based on the work done by Walters, Wilson and
McDonald, McDonald and Morton [87-90]. Such as, seed
mc between 6 and 14% prevent lipid peroxidation activity
and keep it to minimal because sufficient water is available
to serve as a buffer against autoxidation, but is insufficient
to activate lipoxygenase-mediated free radical production.
Whereas, below 6% mc, lipid autoxidation may be the
prime factor in seed deterioration as water is unavailable
to buffer the free radicals. In addition, above 14% mc,
the increasing water content enhances the activity of
oxidative enzymes, such as lipoxygenase and production
of free radicals. As seed mc increases, autoxidation
increases and is further accelerated if temperature
increases. Elevated temperature and RH during storage
allow embryonic axis to absorb moisture from outside
environment. This increased mc and temperature may
cause the glass state of water to reach Tg this changes
water into amorphous state. The reactive oxygen species
are generated and they attack the unsaturated lipids of
cellular membranes, especially mitochondria leading to
produce a chain reaction of autoxidation. Thus, cellular
membranes become porous and during imbibition there is
increase in leakage of solutes. Thus greater the damage
during storage, longer the repair phase during imbibition,
if damage is too severe, the seed becomes non-viable.
Hence, initial phase of seed imbibition becomes crucial in
repair of cell membrane, proteins and DNA components.

In addition, several other factors influence the vigour
and viability, such as, genotype, maturation growth
conditions, physiological maturity at harvest, initial mc
mechanical and insect damage and pathogen attack
[91]. During seed development, maturation, drying and
storage desiccation damage is also related to oxidative
processes, as indicated by high levels of ROS-scavenging
enzymes and tocopherols [92]. It is also demonstrated
that during germination uncontrolled ROS production can
lead to oxidative stress and cellular damage, resulting
in seed deterioration and impeding germination and
early seedling development [76]. Also, cell wall storage
polysaccharide during seed maturation is used as a
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product of hydrolysis for growth and control of source-sink
relationship in developing seedling. This has implication in
biotechnological applications for enhancing seed quality
[93]. In groundnut, storage time is negatively associated
with seed quality parameters and a negative relationship
between oleic acid and linoleic acid during seed storage
was reported. In addition, both the &-tocopherol and
a-tocopherol values of each grade seed size decreased
with extended storage period [94]. Seed accelerated aging
experiment also demonstrated that this is mainly because
of aging-induced lipid peroxidation by damaging seed
membrane tissues. In addition, in two groundnut cultivars,
it was reported that accelerated aging inhibited activity of
superoxide dismutase, peroxidase, ascorbate peroxidase,
and lipoxygenase, despite having difference in seed
mass [95]. In addition, reactive oxygen species (ROS)
are continuously produced during seed development and
have been attributed as only damaging compounds. In an
experiment, after imbibition non-dormant seed produced
more ROS than dormant seed, and were attributed to the
role of ROS in control of seed germination and dormancy
release [96].

(iv). Effect of Aspergillus on groundnut seed
germination

Seed stored in the stacks in warehouse or farmer’s
conditions had more incidences of fungi than seed
at harvest or seed stored in controlled conditions.
In groundnut most of the storage flora is species of
Aspergillus and Penicillium, and are active at RH ranging
from 70-90%. In bulk storage problem of unequal
distribution of mc occurs where no forced aeration system
is available and seed become susceptible to storage fungi,
and invasion can occur at seed mc as low as 13.2% and
is based on seed water activity. Species of Aspergillus
are specific to seed water activity small change in the
water concentration may result in colonization by different
species [97]. In addition, water activity differs for species
and assuming that lipid is non-miscible, thus in groundnut
critical mc may be computed on the non-lipid portion of
seed [90, 98].

Germination and Seed Vigour Tests

The transition from quiescent dry seed to an actively
growing photoautotrophic seedling is a complex
and crucial trait for plant propagation. In this regard,
gene expression in developmental stages of seedling
establishment in Arabidopsis has been studied in detalil
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[99]. As germination tests are essential to judge the
potential of seed to the percentage of normal seedlings
and used in seed certification [100]. The standard
procedure to assess the extent of deterioration of seed
during storage is laboratory germination test using
“between the paper method” by following standard seed
testing rules as described by ISTA[101]. Whereas, for the
interest farmers, it is appearance of seedling on the soll
surface, which depends on seed vigour and comprises of
properties such as potential for rapid, uniform emergence
and development of normal seedlings under a wide range
of environmental conditions. Ketring [61] developed a
vigour index for groundnut that takes into account seed
germination and rate of seedling growth, and was directly
correlated with rapidly growing seedlings.In addition, for
the assessment of field emergence under water deficit,
number of secondary roots was taken into consideration
for calculating the SVI [56]. Seed leachate studies have
been conducted to assess the role of testand seed
vigour and viability of aged seeds [59, 102-105]. A
significant negative association between conductivity of
seed leachate and germination percentage in groundnut
has been reported [65] also in various crops [106]. In
addition, ethylene production during seed germination
rises prior to any visible sign of growth and peaks twice
at emergence of the hypocotyls-radicle when the radicle
emerges from the hypocotyl, thus playing important role
in seedling vigour [82, 107]. Hence, exposure of seed to
high RH during storage may deteriorate quality due to
reduced ethylene production. In addition, tetrazolium test
is the standard method for evaluating viability potential of
seed lots in groundnut [108] and also used to differentiate
between dormant and dead seeds in germination test.

The optimum mean soil temperature for seed germination
and root growth is between 29 and 30°C and 30°C,
respectively [109]. At low soil temperatures, i.e., 19 and
22°C field emergence is reported about 50% [23]. Seed
water imbibition is triphasic and germination is epigeal,
and carbohydrate is the first energy source utilized by the
germinating seed followed by protein and lipids [110]. After
emergence cotyledons become green and can supply the
food material to the developing seedling at least for 15
days till it becomes fully autotrophic [56]. The hypocotyl is
white and is easily distinguished during the early stages
of growth, but becomes indistinguishable from the root
as the plant matures [7]. Thermal duration from sowing
to emergence is reported to vary among varieties during
different cropping seasons [111]. It is also reported that
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the germination of two seed lots varying in seed vigour
may be same at the optimum temperatures, however,
under stressed conditions low vigour seed lot may show
week seedlings [112]. Ketring[113] reported that 500 mm
of water is necessary to produce seeds of high quality,
because water deficit stress during seed development
affects subsequent seedling vigour [85].

Relationship between Seed Germination and
Dormancy

Dormancy is a complex evolutionary trait that temporally
prevents seed germination, thus allowing seedling
growth in a favourable season. In groundnut, whether
seed dormancy is directly associated with longevity or
not is not clear but the basic purpose of seed dormancy
is to check the viviparous nature of seed to germinate
under favourable conditions while being with mother
plant. This way seed dormancy may be considered a
desirable agronomical trait which is common in Virginia
while Valencia and Spanish, types require some degree
of fresh seed dormancy [114]. In addition, different parts
of seed, i.e., seed coat, cotyledons and embryo have
been reported to impart a role in dormancy [115] and
short period of dormancy was found more under control
of testa than cotyledons. The complexity arises in studying
inheritance of seed dormancy when both maternal (testa)
and zygotic (cotyledons) tissues are involved in its control
[116] while genetic control of seed dormancy has been
reported to be monogenic with dormancy dominating over
non-dormancy [117, 118]. Also, quantitative inheritance
with additive, dominance, and digenic epistatic effects in
seed dormancy was reported [119, 120]. High-throughput
analyses of transcriptomes have led to significant
progress in understanding the molecular regulation.

Such as, gene ontology clustering showed that the
functions of polysome-associated transcripts differ
between dormant and non-dormant seeds [121]. Thus
dormant seed possess different physiological traits
during development and maturity than the non-dormant.
During storage, seed slowly or some time rapidly breaks
the dormancy and it is presumed that there is loss or
inactivation of inhibitors present or synthesis of growth
promoters increases as dormancy decreases. Groundnut
plants having long crop duration such as Virginia possess
prolonged seed dormancy than those having shorter
crop duration, i.e., Spanish and Valencia [122] however
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variability in fresh seed dormancy exists among genotypes
of short crop duration [114]. Among cultivars prolonged
dormancy is reported to be 70 days in M 37, Kadiri 71-1,
and Kadiri 2 [123]. In addition, storage temperature may
influence the period of dormancy [124].

Seed Hardening and Priming

The term seed hardening was coined in the 20 century
to successive cycles of steeping with water and drying
for physiological seed enhancement treatment. Later on
precise methods for seed invigoration were investigated
by involving the imbibition and desiccation processes
generally known as priming or invigoration. In groundnut,
literature on seed hardening or priming is very scanty,
however, some information is available on soaking of
seed with hot water to enhanced field emergence under
sub-optimal temperature, pre-sowing seed hardening for
drought tolerance for summer groundnut sowing [125,
126] and osmoconditioning with PEG for increasing
vigour and cold hardness [127, 128]. Joshi et al. [129]
studied groundnut seed germination under sub-optimal
temperature and recorded enhanced germination
percentage by osmoconditioning with PEG 6000, while
Nautiyal et al. [130] tested groundnut seed germination
under salinity stress in laboratory. Also, groundnut seeds
were primed with CaCl, and this resulted into improved
seed vigour growth and pod yield [131]. It is also reported
that seed treated with organic and inorganic nano-
particles for enhancing seed quality [132]. In addition,
seed priming or pelleting with Ca can improve groundnut
establishment under low pH stress in soil [90].

Genetic Improvement

In the perspective of view climate change scenario,
it is necessary to develop climate resilient varieties
with enhanced and stable genetic improvements. For
identifying the traits associated with biotic and abiotic
stresses tolerance including pre-harvest aflatoxin
contamination are on the top agenda of various groundnut
improvement programmes[133,134]. Highly informative
genetic and genome SSR markers were identified
to facilitate molecular breeding in groundnut [135].
Further, quantitative trait loci were identified for pod
and kernel related traits, geocarpy, oil biosynthesis and
allergens and a transcriptome map was developed for A.
hypogaea[136,137]. Janila et al. [138] studied molecular
breeding for introgression of fatty acid mutant alleles
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that enhanced oil quality in high and low oil containing
genotypes. Sarvamangala et al. [139] identified quantitative
loci for protein content, oil content and oil quality while
Shasidhar et al. [140] studied molecular mapping of
oil content. In addition, seed dormancy requires both
selective MRNA oxidation and protein carboxylation [141].
Also, germination is controlled by endogenous factors,
i.e., abscisic acid (ABA) and gibberellins (GA) these
play a major role in regulating early seed germination
through the process of dormancy [142]. In this regard
two major quantitative trait loci for fresh seed dormancy
were identified [143] and genome-wide association of
major agronomic traits related to domestication was
studied [144]. There are reports that transgenic seeds
exhibited over accumulation of heat stress transcription
factor and sHSP, this improved germination and vigour
under stressed conditions [145, 146]. In groundnut the
transcript significantly over-expressed in pod include
genes responsible for seed storage proteins and
desiccation (LEA) oil production, and cellular defence
[147]. Moreover, expression of stress response and
protein display in the form of HSPs is indispensable
for health and longevity in all organisms [148]. Also, it
is reported that essential mechanism for seed vigour
testing could be translational capacity, mobilization of
seed storage reserves and detoxification efficiency [149].
Work is being carried out in several laboratories to validate
the role of the characterised proteins in seed vigour by
reverse genetics. For example, using tissue-specific
promoters in the genetic transformation, groundnut seed
promoter (GSP) region of the gene 8A4R19G1 is being
used in genetic engineering in legumes aimed at targeting
novel transgenes to the seeds, especially those involved
in micronutrient enhancement, fungal resistance and
molecular farming) [150]. In addition, DNA binding with
one finger (DOF) transcription factors plays important roles
in storage material accumulation and morphogenesis of
developing seeds in groundnut, and GW 391729 was
found related to seed number in fruit, and also possibly
related to leaf spot resistance [151]. Insights into the large
number of Indian groundnut genotypes covering various
aspects related O/L flux regulation and ahFAD2 gene
polymorphism have been reported [152]. Many workers
have contributed significantly on various aspects, some
of important research reported on groundnut seed, since
1950 are listed in table 1.
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Table 1. Some important research reported on groundnut
seed, since 1950 to 2019.

Research topic Reference

Report on aerial flowering and Smith[153]
subterranean fruit habit in groundnut.

In groundnut embryo may become Smith[32]
dormant for several weeks and it may
revive after having favourable conditions.

Report on photo control of groundnut seed Thompson et al. [29]
embryo and ovule development.

Localization of phytochrome during Thompson et al. [30]
groundnut embryo and ovule development.

Report on DNA binding with one finger Yan et al. [151]
(DOF) transcription factors play important

role in storage material accumulation and

morphogenesis of developing groundnut

seed.

Comparative transcriptome analysis of Zhu et al. [31]
aerial subterranean pods development

provides insights into seed abortion in

groundnut.

Genomic and transcriptomic analysis Wang et al. [154]
identified gene clusters and candidate
genes for oil content in groundnut.

Transgenerational stress memory of seed Rowland et al. [26]
and seedling vigour of groundnut varies
by genotype.

Future issues

Following thrust areas were identified for the improvement
of seed quality and vigour in groundnut.

1. Since groundnut seed development is under the soll,
its preparation for germination phase during seed
maturation on mother plant need to be identified, such
as, characterization of transcripts both stored and
de-novo synthesized and stored proteins may help
to provide a better understanding. Further, genome-
wide gene expression analysis may provide deeper
insight into the early phase of seed germination,
i.e., imbibition and the subsequent plateau phase of
water uptake in which metabolism is reactivated and
translation of stored mRNA begins. This phase is
also important in understanding the process of seed
priming.

2. In addition, there is sulphur amino acid metabolism
pathway representing a key biochemical determinant
and alteration in hormone levels of the commitment of
seed to initiate its development towards germination,
especially proteostasis and DNA integrity play a major
role in germination phenotype.
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3. Seed vigour studies need to be accelerated based on

automation and non-invasive methods, i.e., NIR, MIR
and X-ray CT to identify traits such as early vigour and
tolerance to biotic and abiotic stresses during seed
germination and seedling development.

Flowering is an important issue in enhancing
groundnut productivity, timing of induction of flowering
determines to a large extent, the reproductive success
of any crop. Especially carbohydrates, trehalose-6-
phosphate (T6P) play a crucial role in regulation of
flowering by initiating florigen activity. This may be
studied to boost synchronised flowering and enhancing
seed multiplication ratio as well as productivity. In this
regard, there is need to manipulate two flowering
peaks that is intrinsic quality of groundnut to a single
peak. In addition, optimum RH and temperature are
two major factors for groundnut flowering and effective
peg formation need to be addressed with respect to
climate change phenomena.

Relationship between seed dormancy and seed
viability during storage is still obscure and need
further investigation. In addition, information on seed
deterioration during storage is scanty and studies
so far have been conducted with limited number
of genotypes, therefore, taking large number of
genotypes belonging to different market types, need to
be focused in view of different agro-climatic conditions.
Active oxygen species (AOS) and antioxidants play an
important role in seed physiology, therefore, must be
used to elucidate the inter play of AOS with hormones
by analysing gene expression in contrasting situation
using the microarrays, cDNA amplification fragment
length polymorphism and proteomic tools.

A suitable low cost effective storage strategy for
storing groundnut seed (off-shell) in the warehouse
to reduce bulk storage of pods (in-shell) needs to be
developed. So far, work on seed priming or hardening
for germination under sub-optimal temperatures and
soil moisture conditions has not been addressed
adequately. This may open new areas for cultivation
of groundnut in rice fellow.
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